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Abstract—Fuel cell electric vehicles have great superiorities
in endurance mileage, charging speed and climate tolerance
compared to battery electric vehicles. However, a supercapacitor
or battery bank is required to maintain a fast-dynamic response,
which leads to several hybridization structures for fuel-cell-
based electric vehicles due to the unique characteristics of
each device, and their performances are also differing. The
purpose of this paper is to provide a comprehensive comparison
of hybrid powertrain systems for three types of powertrains:
fuel cell/supercapacitor passive hybrid, fuel cell/supercapacitor
semi-active hybrid, and fuel cell/battery semi-active hybrid.
Each powertrain component model is developed from the real
components wherever possible, and Honda FCX Clarity fuel
cell vehicle is studied as the benchmark. The powertrain energy
efficiency under Worldwide harmonized Light vehicles Test Cycle
(WLTC) is analyzed and evaluated. The simulation results show
that three powertrains have the same energy consumption, and
fuel cell/supercapacitor passive hybrid powertrain increases the
system efficiency by 2% and 4% in propulsion and regenerative
braking, respectively. By contrast, the other two powertrain
topologies have similar performance in terms of energy efficiency.
Index Terms—fuel cell vehicles, supercapacitor, battery, passive
hybrid, semi-active hybrid, energy efficiency
I. INTRODUCTION
With zero CO2 emissions, fuel cell (FC) is an alternative
solution for future fossil-free transportation [1], [2]. However,
solely FC-powered system does not allow bidirectional energy
flow, and the relatively slow dynamic response cannot meet the
vehicle applications. This makes an FC vehicle always group
with an energy storage system (ESS), i.e. a battery pack or a
supercapacitor (SC) bank to provide peak power and capture
regenerative braking energy. With hybrid-powered system, it
also allows a downsized FC stack [3]. Due to the unique
characteristics of each device, different vehicle performance
is obtained by different hybridization methods with FC [4].
There have been some studies involving hybrid FC vehicles,
in terms of energy management [5], [6], fuel consumption
[7], [8] and optimal sizing [9]–[12]. However, the existing
research does not provide a comprehensive comparison of
different hybrid powertrain systems for FC vehicles in both
system and component level. This paper aims to fill this gap
by modelling the powertrain system in a high level of the
detail and giving a comparison study of different FC-based
powertrains in powertrain energy efficiency.
Fig. 1 illustrates three typical FC-powered low-voltage
powertrain systems, and some assessment is summarized and
further explained below:
• T1: FC/SC passive hybrid system without any DC/DC
converters [13];
• T2: FC/SC semi-active hybrid system with one DC/DC
converter for SC [14];
• T3: FC/Battery semi-active hybrid system with one
DC/DC converter for battery [15].
In T1, the power allocation between FC and SC cannot be
actively changed or controlled. T2 and T3 give freedom design
of the ESS, and the FC current can be indirectly controlled by
managing the power flow of the ESS.
Theoretically, T1 has the best fuel economy since DC/DC
converters are not required. In addition, since FC is directly
connected to the inverter for all the three topologies, the DC
bus voltage is determined by the FC terminal voltage. The
paper is focused on analysis and evaluation of the energy
efficiency in three powertrains.
The rest of the paper is organized as follows. Section II
is dedicated to the powertrain system configuration and the
modelling of each component is explained. The control strate-
gies for the powertrain systems are introduced in Section III.
Section IV shows the main simulation results and discussions.
Finally, the conclusions are drawn in Section V.
II. SYSTEM CONFIGURATION AND MODELING
All three powertrain systems are modelled in MAT-
LAB/Simulink in a quasi-static backward method. Fig. 2
shows the vehicle simulation structure with Honda FCX
Clarity. The vehicle specifications, component parameters and
environmental conditions are detailed in Table I [12], [16].
Each component model is developed from the real world
wherever possible to make the simulation applicable.
A. Power Requirement
According to vehicle dynamics, the instantaneous wheel
force of a moving vehicle is calculated from the driving speed.












Vehicle mass, m (kg) 1625
Cross-section area, Af (m
2) 2.711
Drag coefficient, Cd (-) 0.26
Rolling resistance coefficient, Cr (-) 0.0098
Wheel radius, r (m) 0.25
Gear ratio, Kgear (-) 7.2
Air density, ρa (kg/m
3) 1.18
Electric machine Power rating (kW) 100
Nominal voltage (V) 288
Fuel cell Power rating (kW) 50
Voltage range(V) 275∼400
Current range (A) 0 ∼182
Supercapacitor cell Capacitance per cell (F) 3000
Nominal voltage per cell (V) 2.7
Battery cell Nominal voltage (V) 3.75
Nominal capacity (Ah) 32.5
Road Wind speed, vwind (m/s) 0
Road slope, α (%) 0
force, rolling force, grading force and the acceleration force,









where v is the vehicle speed, and g is the gravitational
constant. The instantaneous wheel power can be calculated by
the equation of Pwheel = vFwheel, and the wheel energy is the
time integral of the wheel power. The electric machine torque














where ηgear is the gear efficiency, and ωwheel is the wheel
rotational speed.
B. Electric Machine Model
A finite element model of MCF31 machine in Honda
FCX Clarity electric vehicle is developed with the machine
parameters published in [17], [18]. The flux density and the
back-EMF at the DC-link voltage of 288 V are shown as Fig.
3. The total losses are pre-calculated as the torque, speed,
and DC-link voltage; thus, the efficiency is also a function of
torque, speed, and DC-link voltage.
C. Power Electronic Converters Model
Both the inverter and DC/DC converter models are created
to evaluate the power electronics efficiencies. The efficiency
map of the inverter varies with torque and speed at different
DC-link voltages, which is calculated by the average conduc-
tion losses and switching losses of IGBTs and free-wheeling
diodes during one switching period. The efficiency map of the
DC/DC converter varies with the output power. When charging
and dis-charging ESS, the DC/DC converter works in step-
down or boost mode. More information to calculate losses of
power electronics can be found in [19].
D. Transmission Model
A transmission reduces the electric machine speed and
increases the torque. Also, the losses are caused due to the
mechanical friction. The torque losses are modelled as a
function of the electric machine torque and speed, and a






where b1∼b6 are the coefficients. This gives a gear efficiency
as a function of the machine torque and speed.
E. Fuel Cell Model
The FC is modelled as a controlled-voltage source E
connected in series with an internal resistance rfc, shown as
Fig. 4 (a). The FC used in this study is a 50 kW FC stack
with the terminal voltage varies from 275 V to 400 V. This
model has been validated by the test data of 114 kW Mirai
FC stack published in [20] as shown in Fig. 4 (b), (c).
F. Supercapacitor Model
The behavior of SC is represented by a two-branch equiv-
alent circuit model, shown as Fig. 5 (a). Several SC cells can
be connected in series or parallel to get an SC pack. The SC
pack is modelled based on the 2.7 V-BCAP3000 cell produced
by Maxwell with the nominal capacitance of 3000 F and the
nominal voltage of 2.7 V [21], and an example of the dynamic
characteristics are shown as Fig. 5 (b)−(d).
In FC/SC passive hybrid system, the SC pack is connected
directly to the FC stack. Thus, 150 cells are used to connect
in series to have a maximum voltage of 405 V. The maximum
available energy per string is 0.25 kWh, with a voltage range
of 275-400 V. The number of strings in parallel is determined







































Fig. 2. Vehicle simulation configuration.
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Fig. 5. Supercapacitor model and dynamic characteristics. (a) Equivalent
circuit. (b) Current profile. (c) Voltage response. (d) SoC.
G. Battery Model
Compared to Lead-acid and nickel-metal-hydride batteries,
Lithium-ion batteries, with improved dis-charge and charge
efficiency, longer lifetime and the ability to deep cycle, are
generally suitable for automotive applications. The battery
pack in the paper consists of laminate-type lithium-ion cells.
Each cell has a nominal voltage of 3.75 V and a maximum
capacity of 32.5 Ah. According to the published data [21], the
open-circuit-voltage (OCV) as a function of SoC is shown as
Fig. 6, which also includes the terminal voltage varying with
the SoC during constant discharges at 3C and 5C.
The battery pack is designed with a nominal voltage of 240
V and hence a voltage range of 160−268 V, which is similar
to the battery used in Hyundai NEXO fuel cell vehicle.




































Fig. 7. The spectrum area ratio of the load power.
III. CONTROL STRATEGY
A. Propulsion Mode
The filter-based method is used as the general control strat-
egy for the three powertrain systems. The desired electrical
power is separated into low-frequency part and high-frequency
part. The filter ensures that ESS provides more power during
the dynamic load variation, and less power when the vehicle
is operating at a relatively steady speed.
In the FC/SC passive hybrid system, the FC and SC share
the same voltage, and the power distribution is inherently
decided by the internal resistance of FC and SC. Thus, the
SC acts as a low-pass filter for the FC. In semi-active hybrid
system, a low-pass filter with adaptive cut-off frequency is
implemented. The cut-off frequency of the low-pass filter is
adaptively controlled by the area ratio of the load power
spectrum in the frequency domain. The area ratio, Ksc, is
defined as the high-frequency spectrum area over the total
frequency spectrum area. Ksc is a variable related to ESS
SoC, and the relationship is depicted as Fig. 7. When the SoC
is high, the ESS takes over more power, while the SoC is low,
the ESS takes over less power.
B. Braking Mode
When the power demand is negative (i.e. the vehicle is
braking), a method must be used to decide the power allo-
cation between mechanical braking and regenerative braking.
The method is developed based on several requirements and
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Fig. 8. The proportioning map of the braking power.
limitations from both vehicle dynamics and electric powertrain
point of view. For example, at low speeds, the powertrain
control is challenging because tires are acting as springs but
not dampers, and the regenerative braking is inefficient due
to the regenerative energy flowing from the electric machine,
inverter, DC/DC converter into ESS; the standstill control of
electric powertrain is poor due to the difficulty in controlling
motor at low speed level, while the mechanical braking gives
good performance; However, at high speeds, the regenerative
braking is limited by the power limitation of the electric
machine and the charging capability of the ESS.
A proportioning map, shown as Fig. 8, is defined to dis-
tribute the braking power. Full mechanical braking is used
when the vehicle speed is smaller than 10 km/h, and with
the vehicle speed increase, the percentage of the mechanical
braking is reduced, while the percentage of the regenerative
braking increases. When the vehicle speed is above 100 km/h,
the percentage of the mechanical braking decreases to the
minimum of 20%, while regenerative braking keeps 80%.
Also, when the ESS SoC is close to 100%, mechanical braking
is used for all the braking requirements, so that the SC or
battery is not overcharged. The maximum regenerative braking
energy should enable the vehicle to decelerate from 100 km/h
to 0 in 10 s, and the estimated regenerative braking energy is
0.1 kWh.
IV. SIMULATION RESULTS
The standard WLTC, as shwon in Fig. 9, is selected to
evaluate the energy consumption and powertrain efficiency for
the three powertrains.
A. Capacity Design of ESS
The ESS capacity should be designed to satisfy the follow-
ing requirements.
• the maximum deliverable power from FC and ESS should
satisfy the peak power demand of the powertrain;
• the regenerative braking energy should not cause over-
voltage of the ESS.




















































Fig. 10. Wheel energy consumption per distance.
B. Energy Consumption
The energy consumptions per distance for three powertrains
are the same, as shown in Fig. 10. In the propulsion mode,
energy consumed by aerodynamic drag is the highest one,
followed the energy consumed by rolling and acceleration.
The energy consumption caused by acceleration is as large as
the braking energy. During the braking mode, around 57% of
braking energy is regenerated due to the mechanical braking
is involved.
C. Dynamic Characteristics
Since the different hybridization topologies are used, the
FC and ESS are operated in different regions, the dynamic
response in three powertrains are shown in Fig. 11. Since the
FC is directly connected to the inverter, the DC-link voltage is
dependent on the FC terminal voltage, and the voltage trends
are almost same, but slightly different in the voltage range.
The widest voltage variation range can be found in T2, while
T3 has the smallest voltage range. In T1 and T2, the SC
charges and dis-charges during the operation, and the end of
SoC is almost same as the initial SoC. While in T3, the battery
discharges more than charges, so the end of SoC is slightly
lower than initial SoC.
The efficiency maps of DC/DC converter in T2 and T3 are
shown in Fig 11, the DC/DC converter has the average effi-
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Fig. 11. Dynamic response of FC and ESS
mode in T2 while it is slightly lower in T3 , which are 97.62%
at charging mode and 98.10% at discharging mode.
D. Powertrain Efficiency
The average powertrain energy efficiency in three hybrid
powertrains is shown in Fig. 13, where the efficiencies of
FC and ESS themselves are not considered here. For all
powertrains, the efficiency in propulsion mode is higher than
that in regenerative braking cases. Although the different
operation regions can be found for FC and ESS, there is
little difference in the overall powertrain efficiency. T1 shows
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Fig. 13. Powertrain average efficiency.
erative braking mode, while T2 and T3 have almost similar
powertrain efficiency. The passive hybrid system improves 2%
of energy efficiency in propulsion mode and 4% of energy
efficiency in regenerative braking mode. It should be noted
that the results can be differed when the parameters of FC,
ESS and DC/DC converter are changed.
V. CONCLUSION
The paper provides a comparison of FC/SC passive hybrid,
FC/SC semi-active hybrid and FC/battery semi-active hybrid
powertrains in energy consumption and efficiency. The vehicle
system and associated components are modeled in detail.
The filter-based control strategies are used to split the power
demand to the FC and ESS. The standard WLTC drive cycle
is used to evaluate the powertrain efficiency, the simulation
results show the improved energy efficiency in FC/SC passive
hybrid vehicle system. The FC and ESS operate in the different
region in three powertrains, the overall powertrain efficiency
changes little. Compared to two semi-active hybrid systems,
the powertrain efficiency is improved around 2% in propulsion,
and 4% in regenerative braking. By contrast, the two semi-
active hybrid systems have similar powertrain efficiency.
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